Abstract: Tivozanib is a novel vascular endothelial growth factor receptor tyrosine kinase inhibitor (VEGF TKI). Among other VEGF TKIs, tivozanib stands apart due to its selective kinase inhibitory properties as well as its high potency for inhibiting VEGF receptors 1 and 2. Tivozanib has been evaluated in several clinical trials including a Phase I and Phase II trial demonstrating safety and efficacy for patients with advanced clear cell renal cell carcinoma (RCC). A pivotal randomized Phase III trial comparing the front-line use of tivozanib to sorafenib in patients with metastatic clear cell RCC has been reported. The clinical development of tivozanib and results of these important studies will be reviewed. Also, the potential placement of tivozanib among currently US Food and Drug Administration approved agents for advanced RCC will be discussed.
Introduction
Renal cell carcinoma (RCC) is a common malignancy with approximately 64,000 cases diagnosed each year and 13,500 deaths. 1 Most cases are localized and can be cured with surgical resection; however, a large portion of patients go on to develop distant recurrence. Additionally, many patients are found to have unresectable disease or distant metastases at the time of initial diagnosis. Patients with unresectable or metastatic disease are collectively termed to have advanced RCC. There are several histologic types of RCC with the most common type being that of clear cell RCC (75%) and the remainder of subtypes being papillary, chromophobe, and oncocytomas. Also, mixed histologies can occur as well as de-differentiated types including sarcomatoid and xp11.2 translocation types which are unusually aggressive in their clinical behavior.
An increased understanding of RCC molecular biology has led to the development of several targeted therapies which have a high level of activity. A pivotal finding has been the association of von Hippel-Lindau gene (VHL) aberrance with clear cell RCC. VHL disease is a hereditary genetic syndrome which results in loss of the VHL function and clinical characteristics include the potential for development of clear cell RCC tumors, hemangiomas, and visceral cysts. 2 The germline loss of VHL results in the stabilization of a family of transcription factors known as hypoxia inducible factors (HIF). 3 These transcription factors when present are able to induce transgenic activation of several target genes, including vascular endothelial growth factor (VEGF), platelet derived growth factor, fibroblast growth factor, and several other genes which can promote tumor cell survival and proliferation. Interestingly, most sporadic RCC cases also contain loss of VHL function through a variety of mechanisms which make the cancer susceptible to targeting the end-products of HIF transactivation, such as VEGF. 4, 5 VEGF functions as a growth factor which binds to VEGF receptors on vascular endothelial cells and stromal support cells, resulting in vascular budding, growth, and maintenance. 6 VEGF is one of many factors which result in the angiogenic phenotype which is a hallmark of cancer. A variety of agents have been evaluated which inhibit components of the VEGF pathway in RCC tumors, resulting in significant clinical activity. One of the newest agents which have been developed that target the VEGF pathway is tivozanib. This review will focus on the clinical development of tivozanib and the potential placement of this novel agent among other approved drugs used to treat this disease.
Overview of currently available therapeutics for advanced RCC
Advanced RCC has several unique characteristics compared to other cancers. It is a cancer that is largely insensitive to traditional cytotoxic chemotherapies as evidenced by numerous negative Phase II studies which evaluated a wide variety of these drugs. 7 Additionally, RCC is one of a few cancers that can respond to immunotherapy. The cytokines interferon and interleukin-2 (IL-2) have demonstrated response rates of approximately 10%, with some responses to IL-2 being complete and durable. 8 While these drugs have garnered US Food and Drug Administration (FDA) approval, most patients do not benefit and the side-effects of these agents are significant. 8 The Memorial Sloan Kettering Cancer Center (MSKCC) or Motzer criteria is an important risk stratification tool which was developed in the era of immune-based therapies. 9 These criteria include poor performance status, anemia, hypercalcemia, elevated lactate dehydrogenase, and absence of prior nephrectomy. Patients with zero risk factors are deemed good risk, one to two risk factors are intermediate risk, and those with three or more are poor risk. This risk factor tool has played an important role in stratification of patients for clinical trials testing new drugs for RCC over the last decade.
The end of 2005 saw the first of a series of new targeted agents receive FDA approval for use in advanced RCC based on a series of pivotal Phase III trials (see Table 1 for a summary of these trials). These targeted agents have been part of two main classes: VEGF pathway inhibitors and mammalian target of rapamycin (mTOR) pathway inhibitors. Sorafenib, sunitinib, pazopanib, and axitinib are all orally bioavailable vascular endothelial growth factor receptor tyrosine kinase inhibitors (VEGF TKIs) which have gained FDA approval for advanced RCC. These agents have varied potency on the VEGF receptors (Table 2) as well as a varied profile of non-VEGF receptors that they inhibit. Bevacizumab is a monoclonal antibody which binds and clears all isoforms of VEGF A and has been FDA approved for use in front-line RCC patients in combination with interferon. [10] [11] [12] [13] Currently, the VEGF TKIs sunitinib 14, 15 and pazopanib 16 are also considered evidence-based options for front-line use in advanced RCC; while, axitinib 17 has been approved for second-line (after failure of front-line VEGF inhibitor, cytokine, or temsirolimus) and sorafenib 18, 19 (and pazopanib also) has shown a high level of activity after frontline cytokine therapy.
The mTOR pathway also has been an important target for RCC drug development. The mTOR protein is an upstream effector of HIF biosynthesis. It is also a key regulator of several other pathways involved in tumor cell growth and metabolism. Temsirolimus is an intravenous inhibitor of the mTOR complex which has been approved based on a Phase III trial showing improved survival in advanced RCC patients with poor risk disease. 20 Everolimus is an orally bioavailable mTOR inhibitor which has received FDA approval for patients who have been treated with at least one VEGF TKI. 21, 22 It is in the setting of these available agents that tivozanib has been developed and stands poised to be the next agent approved. Most of these agents have been evaluated with interferon or a placebo as a comparator; however, the newer agents axitinib and tivozanib have been compared to sorafenib.
Phase I development of tivozanib
Tivozanib (previously known as AV-951) is an orally bioavailable VEGF TKI which potently inhibits VEGF receptors 1, 2, and 3. Tivozanib has shown antitumor activity in RCC xenograft models in addition to several other solid tumor models leading to its evaluation in clinical testing. 23 Tivozanib was studied in a Phase I clinical study of patients with advanced solid tumor malignancies which were resistant to other therapies. In this trial, 41 patients were enrolled to be treated with varied doses of the drug with endpoints including determining the maximum tolerated dose (MTD), doselimiting toxicities (DLT), safety profile, pharmacokinetic profile, and pharmacodynamic profile.
Key criteria for enrollment included an advanced solid tumor malignancy for which no remaining conventional therapy remained, Eastern Cooperative Oncology Group (ECOG) performance score of 2 or less, adequate organ function (including no ongoing cardiac abnormalities, uncontrolled hypertension, or proteinuria of .3.5 g/24 hours), submit your manuscript | www.dovepress.com
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Cowey and no concomitant anticancer therapy (except for hormonal treatments) or symptomatic central nervous system (CNS) metastases. The drug was to be taken 1 hour prior to meals and for 4 weeks on and 2 weeks off. Patients with the following tumor histologies were enrolled: colorectal (n = 10), RCC (n = 9), pancreatic (n = 6), non-small cell lung cancer (n = 3), esophageal (n = 2), melanoma (n = 2), hepatocellular (n = 2), and other (n = 7).
Based on animal models, an initial dose of 2.0 mg daily was employed as the starting dose for the trial. However, DLTs were seen at this dose level including hypertension, proteinuria, and ataxia. This led to a subsequent cohort of patients treated at 1.0 mg in which no DLTs were observed, followed by a cohort of 1.5 mg treated patients which was also well tolerated. The 1.5 mg daily dose 4 weeks on, 2 weeks off was determined to be the MTD and the appropriate dose for future studies. At this dose level the most frequent adverse events ($25%) included hypertension, hoarseness, fatigue, headache, diarrhea, and rash. The mean half-life of the drug was found to be 4.7 days (range 1.3-9.7 days).
From a pharmacodynamic standpoint, measured serum VEGF levels were found to rise with administration of tivozanib while serum VEGF receptor levels were noted to decrease, both in a dose-dependent manner. Additionally, dynamic contrast enhanced magnetic resonance imaging 24 This trial included 272 patients who were either treatment naïve RCC (54%) or had received only one prior systemic therapy which could not include a VEGF pathway inhibitor. Key exclusion criteria included CNS metastasis, clinically symptomatic metastatic disease, uncontrolled hypertension, recent myocardial infarction (within 3 months of enrollment), and left ventricular dysfunction.
This randomized discontinuation study involved treating patients for 16 weeks followed by assessment of tumor response ( Figure 1) . Patients who had $25% shrinkage were continued on tivozanib and those with $25% growth were required to discontinue treatment. Those with responses in between 25% growth and 25% shrinkage were blindly randomized (1:1) to either continuation of tivozanib and placebo. After another 12 weeks of treatment patients were unblinded and restaging scans were performed. Primary endpoints of the trial included safety, objective response rate (ORR, frequency of patients having $30% shrinkage) after the first 16 weeks of treatment, and the percent of randomized patients who were progression-free after the end of the 12-week continuation of treatment.
Of the patients included in the trial, 83% had clear cell histology and 73% had undergone a prior nephrectomy. During the first phase of the study, 78 patients (29%) were found to have a response $25% at the 16-week mark, 118 patients (43%) were eligible for randomization, 50 patients discontinued due to $25% growth of disease, and 26 discontinued for other reasons. At the 16-week point, the ORR was 18% with 66% having stable disease. In those patients that underwent randomization, the 12-week progression rate was 49% for those continued on tivozanib compared to the placebo group in which 21% were progression-free (P = 0.001). The median progressionfree survival (PFS) was also significantly prolonged in the tivozanib group (10.3 months for tivozanib compared to 3.3 months for placebo, P = 0.01). Evaluation of ORR for all patients throughout the study showed a rate of 24% with a total of 84% of patients having at least some shrinkage in their tumors. The median PFS of all patients treated in the trial was 11.7 months.
Subset analysis of patients with clear cell RCC who had a prior nephrectomy showed an objective response rate of 30% with a median PFS of 14.8 months. The most common side-effects included hypertension and dysphonia, with less frequent side-effects including diarrhea, proteinuria, fatigue, asthenia, stomatitis, and hand-foot syndrome. Grade 3 or higher adverse events were uncommon and included hypertension (11%) and elevated serum gammaglutamyl transpeptidase (16%). Based on the activity and tolerability of tivozanib which was observed in this study, a registrational randomized Phase III trial was undertaken.
Pivotal Phase III study of tivozanib in advanced clear cell RCC
The Tivozanib Versus Sorafenib in 1st line RCC (TIVO-1) trial was a randomized Phase III trial which compared tivozanib to sorafenib in patients with advanced clear cell RCC. 25 This trial consisted of 517 patients who were randomized 1:1 to receive either tivozanib at 1.5 mg daily for 3 weeks on and 1 week off or sorafenib 400 mg twice daily continuously (Figure 2 ). Key eligibility criteria included clear cell histology, prior nephrectomy, ECOG # 1, adequate organ function, treatment naivety or one prior systemic therapy only (excluding prior VEGF or mTOR inhibitors), and absence of active, untreated CNS metastases. The primary endpoint for the study was PFS with secondary endpoints including safety, response rate, and overall survival. Patients in the 
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Cowey sorafenib arm were allowed to cross-over to receive tivozanib after radiographic progression in a separate protocol. Patient characteristics evaluated in the trial showed that 70% of the patients in both arms were treatment-naïve while 30% had one prior therapy. The two arms were well balanced in most categories, with slightly more good performance score and MSKCC risk score patients in the sorafenib arm.
The median PFS (independent review) for tivozanib was found to be 11.9 months compared to 9.1 months for sorafenib (hazard ratio [HR] 0.797, P = 0.042). Investigator-reviewed PFS was somewhat better with a median PFS of 14.7 months for tivozanib versus a median PFS of 9.6 months for sorafenib (HR 0.722, P = 0.003). Patients were stratified based on those having prior treatment compared to those who were treatment naïve. Patients in the treatment naïve stratum had a median PFS of 12.7 months compared to 9.1 months for sorafenib (P = 0.037). Subgroup analyses showed that patients receiving tivozanib had a benefit over sorafenib when evaluated according to age, sex, ethnicity, ECOG performance score, number of metastatic lesions, and MSKCC risk score (with the exception of poor risk which tended to favor sorafenib). Evaluation of secondary endpoints showed an ORR of 33% for tivozanib compared to 23% for sorafenib (P = 0.014).
Safety analyses showed hypertension was the most common adverse event for tivozanib treated patients (46%, compared to 36% for sorafenib) and 26% of the patients had grade 3 hypertension or higher. Other common side-effects seen with tivozanib included diarrhea, fatigue, and neutropenia. Patients treated with sorafenib experienced higher rates of diarrhea, hand-foot syndrome, and alopecia (2% vs 21%); while patients receiving tivozanib had higher rates of hypertension, dysphonia (21% vs 5%), and back pain (14% vs 7%). Hypertension was shown to be a pharmacodynamic marker for tivozanib benefit. Patients with a diastolic blood pressure (DBP) .90 had a median PFS of 18.3 months compared to those with DBP , 90 having a median PFS of 9.1 months (P = 0.001). Likewise, those with a systolic blood pressure (SBP) .140 had a median PFS of 16.7 months compared to those with a SBP , 140 having a median PFS of 9.0 months (P , 0.001).
A recent update of the data at European Society for Medical Oncology 2012 meeting 26 highlighted tolerability of tivozanib with fewer dose-reductions compared to sorafenib (11.6% vs 42.8%, P , 0.001). Additionally, fewer discontinuations due to toxicity were seen (4.2% vs 5.4%); however, these were in a similar range. There were also fewer grade 3 or higher events for tivozanib treated patients compared to sorafenib (36.3% vs 51.0%). Following radiographic disease progression, 53% of patients receiving sorafenib crossed over to receive tivozanib; while 17% of those receiving tivozanib received further treatment. While overall survival data are pending, a press release showed preliminary results of the 1-year survival rate of 77% for tivozanib compared to 81% for those receiving sorafenib. 32 Based on the results of this pivotal trial, tivozanib was planned for FDA approval for use in patients with advanced clear cell RCC. However, on May 2nd, 2013, the FDA declined approval due to the lack of evidence of overall survival benefit. (http://investor. aveooncology.com/phoenix.zhtml?c=219651&p=irol-newsArticle&ID=1828268&highlight=).
Other trials evaluating tivozanib in RCC
There are several other trials evaluating different aspects of tivozanib use for patients with metastatic RCC. These include a combination trial, biomarker study, and patient preference trial. A Phase Ib combination trial of tivozanib with temsirolimus in patients with metastatic RCC who had received one prior VEGF inhibitor has been performed. 27 The objectives of this trial were to determine the MTD of the two drugs in combination as well as safety, tolerability, and clinical activity. This study has been reported at the 2011 American Society of Clinical Oncology meeting. Patients in the trial received tivozanib 3 weeks on and 1 week off in combination with weekly temsirolimus. The study design was a 3 + 3 dose escalation trial. Twenty-eight patients were accrued to the trial and the MTD was found 
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to be the full dose of both agents (1.5 mg daily for tivozanib and 25 mg weekly for temsirolimus). The adverse events which were commonly seen included fatigue, anorexia, stomatitis, thrombocytopenia, diarrhea, nausea, constipation, and dyspnea. Interestingly, there were no grade 4 or higher events and no DLT. The median duration of treatment was 21.1 weeks (range, 0.3-94.0 weeks). The response rate was found to be 28% with all partial responses. There were an additional 64% of patients with stable disease as the best response. This study highlights the tolerability of tivozanib in combination with another agent and makes it a desirable potential backbone of future combination trials. Further updates of this study are awaited.
Another study which has been fully accrued is a biomarker trial exploring candidate biomarkers for tivozanib response. The Biomarker Assessment of Tivozanib in Oncology (BATON) trial included 105 RCC patients who were treated with tivozanib. 28 Patients were required to have prior nephrectomy, had to receive no more than one systemic therapy (no VEGF or mTOR inhibitors allowed), and be ECOG 0 or 1. Both clear cell and non-clear cell histologies (up to 30% of the trial population) were allowed and patients were stratified based on this feature. Patients were treated with open-label tivozanib at a dose of 1.5 mg daily 3 weeks on, 1 week off until disease progression or intolerability. The primary objective of the trial was to correlate the biomarkers from blood and archived tumor samples with clinical activity. Secondary objectives included measurements of ORR, PFS, safety, and correlation of biomarkers with serum concentration of tivozanib. There are several biomarkers being explored in this study including both tumor and blood markers. Tumor biomarkers which will be explored include expression of CD68, HIF1/2, VEGF A-D, hepatocyte growth factor (HGF), carbonic anhydrase 9, and placental growth factor (PLGF). Additionally, a tumor microarray of a 42-gene resistance signature, which defines a possible myeloid resistance mechanism to tivozanib, will be explored. This particular signature was found to correlate with tivozanib resistance in a retrospective analysis in a subset of patients in the Phase II tivozanib trial. 29 Blood markers which will be explored include VEGF A-D levels, HGF levels, PLGF levels, protein expression, and metabolite patterns. The results of this study are highly anticipated as no current molecular markers are available to help guide therapy in RCC.
Finally, the TivozAnib Use veRsUs Sutent in advanced RCC (TAURUS) study is a recently opened randomized trial comparing patient preference of tivozanib or sunitinib (clinical trial.gov identifier #NCT01673386). 30 This is a Phase II, double blind, multinational trial which is planned to enroll 160 patients. The study design (Figure 3 ) involves randomization 1:1 to receive either tivozanib (1.5 mg daily 3 weeks on, 1 week off) or sunitinib (50 mg daily 4 weeks on, 2 weeks off). Patients will be treated for a 12-week period, followed by tumor assessment and 1-week wash out. Patients will be crossed over to the alternative treatment at this point, despite their response after the first 12 weeks. Patients who are having a response may opt to stay on the same therapy beyond the study (in the case of sunitinib) or in a separate protocol (in the case of tivozanib). Patients who have progressive disease or do not tolerate the treatment in the first period may discontinue the drug early and choose to cross over once their toxicities are improved. The primary endpoint is patient preference of tivozanib or sunitinib. Secondary objectives will be overall safety and tolerability, frequency of dose modifications, and quality of life. Exploratory objectives have been described as antitumor activity at week 12, PFS at 25 weeks, and other quality of life measures and side-effect comparisons. Patients will be stratified based on clear cell and non-clear cell histology as well as ECOG score of 0 or 1. This study, once resulted, will hopefully give the physician useful information to help with first-line treatment selection, should tivozanib become approved by regulatory agencies.
Discussion
Tivozanib is a novel orally bioavailable VEGF TKI which has been shown to provide a significant improvement in PFS compared to sorafenib for patients with metastatic clear cell RCC. The drug is yet to receive FDA approval. Based on the information from currently reported trials, should the drug eventually become approved, its position among other agents 31 This study which had a similar design to the ongoing TAURUS study showed that patients preferred pazopanib more commonly compared to sunitinib, with the most common reasons including better quality of life and less fatigue. Although tivozanib has not been compared head-to-head with these agents in the first line setting, there do appear to be differences in terms of side-effect profiles when these agents are compared in their respective Phase III studies. For example, the frequency of fatigue, diarrhea, and hand-foot syndrome for tivozanib was 18% (Grade 3: 5%), 22% (2%), and 13% (2%) compared to sorafenib, which was 16% (4%), 32% (6%), and 54% (17%), respectively. The frequency of fatigue, diarrhea, and HFS in the sunitinib Phase III trial was 54% (11%), 61 (9%), and 29% (9%), respectively. For pazopanib in its Phase III trial, the frequency of these same adverse effects was 55% (19) , 52% (9%), and ,10% (,1%), respectively. Given that these sideeffects commonly have a direct impact on quality of life, one would expect that tivozanib would fare well in a head-to-head comparison with a focus on tolerability. This crude cross-trial comparison may help physicians in their selection of several agents in the first line setting as comparative effectiveness data are lacking. In addition to effectiveness and tolerability, the findings from the Biomarker Assessment of Tivozanib in ONcology (BATON) study may also help physicians in their selection should the infiltrative myeloid cell resistance gene panel turn out to help predict those patients who would be resistant to the agent.
Lastly, there are several points from the TIVO-1 trial which could help give us some perspective on survival data which are becoming available from this study. With numerous active agents available for RCC, it is difficult to measure overall survival differences between agents and therefore, PFS is a necessary end-point for Phase III trials. The overall survival data from the TIVO-1 trial are yet to be reported, although the 1-year survival data has been reported in a press release. 32 The 1-year survival for the tivozanib cohort was 77% and for sorafenib was 81%. This lack of survival difference should not be too surprising given similar studies in this disease which have failed to show statistical differences in overall survival due to availability of other agents. However, other trials do show favorable survival trends with hazard ratios which are <1, which is a key difference. Also, there are several clues that hint that this might be the case. First, there is an imbalance of good risk patients and good performance status patients in the sorafenib arm compared to the tivozanib arm. There were 54% with an ECOG score of 0 in the sorafenib arm compared to 45% in the tivozanib arm. Additionally, in terms of MSKCC score, there were 24% good risk, 67% intermediate risk, and 7% poor risk patients in the tivozanib arm compared to 34%, 62%, and 4% patients in the sorafenib arm, respectively. These findings could result in a better survival rate in the sorafenib arm as these are known factors which result in better prognosis independent of treatment. Most importantly, there were more patients in the sorafenib arm who were exposed to later effective therapies after progression than in the tivozanib arm. Because of the separate cross-over trial which was offered to those patients treated with sorafenib, 53% of patients went on to receive tivozanib, while only a small number of patients (17%) had subsequent therapy after receiving firstline tivozanib. The low number of patients who received subsequent therapy after tivozanib is likely explained by the large number of patients (90%) who were treated in Eastern Europe, where there are few treatment options available for patients with metastatic RCC.
At the crux of this issue is whether PFS remains a valuable primary endpoint for registrational trials when it is unclear if PFS improvements equate to survival improvements. Although PFS may not be an ideal endpoint for clinical studies and may not directly predict overall survival benefits in a disease with numerous effective treatments, certainly it is submit your manuscript | www.dovepress.com Dovepress Dovepress a meaningful palliative endpoint for patients as PFS measures time in which the patient is not having progression of cancer and thus cancer-related symptoms. Until better endpoints are found which accurately describe an agent's effectiveness and ability to improve overall-survival, PFS will remain a commonly used primary measurement. Unfortunately, it seems that we are reaching a ceiling with VEGF TKI agents in RCC therapeutic development and novel agents which have different mechanisms of action are greatly needed.
Conclusion
Tivozanib is an orally bioavailable VEGF TKI which has a long half-life and excellent potency and specificity to the VEGF receptors. The drug has shown tolerability and efficacy in early phase trials and has shown superiority to sorafenib in terms of improved PFS and acceptable toxicity profile in patients with metastatic clear cell RCC. Key questions which remain include how to select this agent as a front-line option compared to other agents and what is its clinical activity in patients with non-clear cell histologies. There are ongoing trials which will hopefully shed further light on these questions, including the patient-preference TAURUS study and biomarker BATON trial. Given that the FDA has not approved tivozanib based on the results of the TIVO-1 trial, the fate of tivozanib in RCC is currently unclear.
Disclosure
The author reports no conflicts of interest in this work.
